Activation of procaspase-9, a key component of the apoptosis mechanism, requires the interaction of its caspase recruitment domain (CARD) with the CARD in the adaptor protein Apaf-1. Using nuclear magnetic resonance spectroscopy and mutagenesis we have determined the structure of the CARD from Apaf-1 and the residues important for binding the CARD in procaspase-9. Apaf-1's CARD contains seven short ahelices with the core six helices arranged in an antiparallel manner. Residues in helix 2 have a central role in mediating interaction with procaspase-9 CARD. This interaction surface is distinct from that proposed based on the structure of the CARD from RAIDD, but is coincident with that of the structurally similar FADD death effector domain and the Apaf-1 CARD interface identified by crystallographic studies.
Introduction
Apoptosis, or programmed cell death, is the physiological process that brings about the removal of unwanted or damaged cells from an organism. 1 The key effector proteins of apoptosis are a family of cysteine aspartic proteases termed caspases. In healthy cells procaspases exist as catalytically inactive zymogens. Based on the substrate specificity of each caspase and its prodomain structure, a hierarchical cascade has been proposed whereby upstream initiator caspases, with long prodomains, activate downstream caspases, that have short prodomains. 2 While this cascade accounts for the activation of all downstream or executioner caspases such as caspase-3, initiator caspases such as caspase-8 and caspase-9 are activated by adaptor proteins that interact with their prodomains. 3 Initiator caspases have large prodomains that contain either a caspase recruitment domain (CARD) or death effector domain (DED). Like the structurally related death domains (DDs), DEDs and CARDs function as interaction motifs that bring about the specific association of two proteins with complementary domains. 4 For example, interaction of procaspase-8 with the adaptor FADD is mediated by DEDs in both proteins, 5 while CARDs mediate association of the adaptor proteins Apaf-1 and RAIDD with the prodomains of caspase-9 and caspase-2, respectively. 6, 7 Apaf-1 and caspase-9 are key, non-redundant, mediators of apoptosis, since mice in which either is deleted show dramatic phenotypic changes in their central nervous systems and cells from these mutant animals have defects in their apoptotic responses to a variety of agents. 8 ± 11 Elucidating how they interact will be central to understanding their roles in apoptosis.
Based on sequence similarity, Apaf-1 can be divided into three domains. The CARD is found in the N-terminal *100 residues, and allows interaction with the CARD of procaspase-9.
7 ± 12 The succeeding *300 residues resemble the analogous region in CED4, an adaptor protein from Caenorhabditis elegans, and encode a domain with a nucleotide-binding P-loop motif. The large C-terminal region (*800 residues) of Apaf-1 encodes twelve WD-40 repeats that share no significant sequence similarity with CED4. 13 Structures determined for one DED and several DDs and CARDs reveal that all have a similar three-dimensional fold comprised of six a-helices organized in an antiparallel arrangement. 14 ± 19 However, the details of helix packing, and the surface residues critical for protein ± protein interactions differ. Hydrophobic residues in helices 2 and 5 of the DED in the adaptor protein, FADD, have been proposed to mediate association with DEDs in the prodomain of caspase-8, 17 while electrostatic interactions have been shown to mediate oligomerization of both DDs and CARDs. crystallographic methods. Our mutagenesis data support the mechanism of interaction of procaspase-9 CARD and Apaf-1 reported by Qin et al. 19 and suggest that the general model for CARD interactions proposed by Chou et al. 16 is incorrect, but indicate that some CARDs and DEDs use similar surfaces to mediate domain interaction.
Results

Structure determination
The region of human Apaf-1 (residues 1 ± 97) containing the CARD ( Figure 1A ) was over-expressed in E. coli and shown to be a-helical by circular dichroism spectroscopy (data not shown). This protein had very good solution properties at pH 6.7 and was stable at 1.5 mM for several months, allowing the structure to be determined using triple resonance multidimensional nuclear magnetic resonance (NMR) spectroscopy. 20 Resonance assignments of both backbone and side chain atoms were essentially complete apart from the resonances of Ser23 and Ser96 which could not be assigned. Five N-terminal residues from the expression vector (residues 75 to 71) were included in the calculation although they have been omitted from the figures.
The structures are well ordered (Table 1) and have good stereochemical properties, with over 98% of backbone angles falling in the allowed regions of the Ramachandran plot and a pairwise root mean square difference (r.m.s.d.) of 0.50+0.08 A Ê over the backbone atoms (N, C a , C) of helical residues. The precision of the structures is also apparent from Figure 1B where the superimposed backbones of residues 1 ± 92 and side chains of the buried residues are shown.
Structure description
Apaf-1 CARD (Figure 1B ± D) consists of seven a-helices (residues 3 ± 10, 13 ± 19, 24 ± 32, 37 ± 45, 51 ± 61, 66 ± 77, 81 ± 88) closely packed around a hydrophobic core comprised of many of the conserved hydrophobic residues found in most CARDs. The solution structure of Apaf-1 CARD is similar to the crystal structures of both Apaf-1 CARD and the prodomain of caspase-9. 19 Unlike other six-helix bundle death domain structures, helix H1 is shorter and an additional short helix, H1' (residues 13 ± 19 shown in yellow in Figure 1C , D), connects helices H1 and H2 in Apaf-1 CARD. The break in helix H1 at His12 is indicated by the presence of a non-helical coupling constant (8.9 Hz) and a change in the chemical shift index from that expected for a helical residue.
Like other six-helix bundle death domain structures the core six helices in the solution structure of Apaf-1 CARD are arranged in an antiparallel manner that places the N and C-termini of the molecule in close proximity ( Figure  1C ). Helices H1, H2, H3 and H6 are located on the ends of the molecule and are amphipathic, while helices H4 and H5 occupy a more central position and have very few solvent accessible residues. The buried nature of helices H4 and H5 and their relative rigidity is indicated by both the NH exchange and { 1 H} 15 N heteronuclear NOE data (data not shown). Of the 43 NHs that did not exchange immediately at 308C, 19 are located either in helices H4 and H5 or the short loop that connects them. All of the remaining slowly exchanging backbone NHs are located within helices or at helix termini.
The surface of Apaf-1 CARD is highly charged ( Figures  1A and 2) . The most distinctive feature is the basic patch formed by residues Arg6, Lys42, Lys58, Lys62 and Lys63. Another area of basic potential comprises Lys18, Lys21, Arg44 and Arg52. The acidic residues are more evenly distributed over the surface of the protein (Figure 2 ). There is no extensive hydrophobic area on the surface of Apaf-1 CARD.
Comparison of Apaf-1 CARD with RAIDD CARD and FADD DED
The CARD of Apaf-1 and that of RAIDD 16 superimpose with a r.m.s.d. of 2.1 A Ê for 45 equivalent a-carbons chosen on the basis of a structural alignment. 21 Helices H2, H3, H5 and H6 occupy similar positions in both proteins and overlay quite closely although the length of helices H5 and H6 differs. Helix H5 is longer in Apaf-1 CARD while helix H6 is shorter and the C-terminus of Apaf-1 CARD has an irregular conformation ( Figures 1A and 3A ). The differences in length and conformation of helix H5 and the following loop region may be linked to the two amino acid deletion seen in RAIDD CARD ( Figure 1A) .
The main differences between the two CARD structures are found in the position and conformation of helix H1 and the loop that connects helices H1 and H2 ( Figure 3A) . The H1 ± H2 loop is poorly defined in RAIDD CARD, this may reflect either an intrinsic mobility or a lack of NMR constraints in this region of the molecule. In contrast, helix H1 is well defined in both structures and the change in length and position of this helix represents a significant difference. The orientation of helix H4 is also different in the two structures. In RAIDD CARD, helices H4 and H5 are approximately parallel while in Apaf-1 CARD the Nterminus of helix H4 is displaced outward from the core of the molecule ( Figure 3A ). The displacement in Apaf-1 CARD is likely to be related to the altered conformation of the loop that connects helices H1' and H2, as the buried residues in this loop pack between helices H4 and H5 ( Figure 1B) .
Unlike RAIDD CARD and other death domain structures but similar to the CARD crystal structures, 19 Apaf-1 CARD has an additional short helix, H1', that lies almost perpendicular to H1 (H1 ± H1' inter-helical angle 71+48). The altered conformation of the H1 ± H2 loop in Apaf-1 CARD results in differences in both the solvent accessibility and packing of residues 18 ± 27 relative to RAIDD CARD. In particular, Ala15, Ile20 and Thr22 are buried from solvent while Lys21 and Ser23 are only partially accessible in Apaf-1 CARD. The corresponding residues in RAIDD CARD are more solvent accessible ( Figure 1 ). As a consequence of these changes to the H1 ± H2 loop, Apaf-1 CARD does not have an extended hydrophobic patch on the surface.
Comparison with other six-helix bundle death domain structures, for which the coordinates are available, reveals that Apaf-1 CARD is most similar to the structure of the 
Binding of Apaf-1 CARD to procaspase-9 CARD
Previous studies suggested that the interaction between Apaf-1 and procaspase-9 is mediated by the CARDs in each protein. 6, 12 To demonstrate a direct interaction between the CARDs, and to allow the residues in Apaf-1 CARD that mediate this interaction to be mapped, we expressed the CARD from procaspase-9 (residues 1 ± 99) in E. coli. Purified procaspase-9 CARD fused to GST and bound to resin could specifically pull down purified Apaf-1 CARD, however, no Apaf-1 CARD was precipitated when GST alone was on the resin (data not shown). In addition, no interaction between either procaspase-9 CARD and GST/procaspase-9 CARD or Apaf-1 CARD and GST/Apaf-1 CARD was seen (data not shown) indicating that no homo-oligomers formed. The role of a number of residues on the surface of Apaf-1 CARD was then evaluated using alanine scanning mutagenesis ( Table 2) . 22 Initially, residues that were predicted to mediate interactions with procaspase-9 CARD 16 and which form a basic patch on Apaf-1 CARD (K42, K58, K62, K63) were mutated ( Figure 2 ). When mutated individually or as pairs, no reduction was seen in the amount of procapsase-9 CARD precipitated by any of these mutants relative to wild type Apaf-1 CARD (Table 2 ). In contrast, a series of mutations to solvent accessible residues on the opposite face (Y24A, D32A, D27A, N73A) decreased the ability of Apaf-1 CARD to precipitate procaspase-9 CARD (Table 2 and Figure 4 ). Comparison of 15 N-HSQC spectra from the mutant Y24A and wild type Apaf-1 CARD showed that only a few resonances of NHs near the site of mutation were altered significantly, indicating the overall fold of Apaf-1 CARD was not disrupted. This implies that the Y24A mutation directly disrupts procaspase-9 CARD binding to Apaf-1 CARD. As Asp27, Asp32 and Asn73 are all part of the extended surface formed by the exposed residues from helices H2 and H5 (Figure 4) , it is likely that these residues also participate in binding procaspase-9 CARD. As well as the mutations to residues in the basic patch a number of other mutations to surface residues (K18A, K21A, Q49A, K81A, D89A) did not disrupt the interaction between the two CARDs, suggesting that the interaction interface is confined to one face of the molecule.
Discussion
Six-helix bundle death domains are the key determinants of oligomerization in many proteins involved in regulating apoptosis and understanding the molecular basis of oligomerization specificity is central to understanding the apoptotic process. The solution structure of Apaf-1 CARD described here is consistent with the crystal structures reported for Apaf-1 CARD in isolation and in complex with the prodomain of caspase-9. 19 These structures display many differences from the structure of RAIDD CARD. 16 In particular, helix H1 is shorter and shifted relative to the corresponding helix in RAIDD, and helices H1 and H2 are linked by an additional helix, H1'. Other differences include the orientation of helix H4 and the length of both helices H5 and H6. Although the fold is similar these changes cause differences in the solvent accessible residues between the two CARDs that Figure 2 Surface characterization of Apaf-1 CARD. Electrostatic molecular surface rendering of the NMR structure closest to the geometric average of Apaf-1 CARD (residues 1 ± 95). Surfaces are colored by electrostatic charge, with regions of negative potential red and those with positive potential blue. The right view is in a similar orientation to the ribbon diagram in Figure 1D and the left view is rotated 1808 about the vertical axis alter the surface properties. Given the low sequence identity of these small domains (*20% across all CARDs), and the variations in helix length, caution must be exercised when Figure 3 Stereoview superposition ribbon diagrams comparing Apaf-1 with RAIDD CARD and FADD DED. In both cases the residues used to overlay the two structures were identified using the 3D structure comparison program TOP. 21 (A) The helices in Apaf-1 CARD are shown in dark blue and the connecting residues in light blue while the helices in RAIDD CARD are shown in dark yellow and the connecting loops in light yellow. C a atoms of residues 25 ± 40, 43 ± 45, 56 ± 62, 63 ± 65, 67 ± 75 and 82 ± 88 from Apaf-1 CARD and 26 ± 41, 44 ± 46, 57 ± 63, 65 ± 67, 68 ± 76 and 81 ± 87 from RAIDD CARD (pdb accession 3crd) were superimposed. (B) Apaf-1 is colored as above. Helices in FADD DED are colored dark orange and the loops light orange. C a atoms of residues 16 ± 18, 22 ± 30, 35 ± 43, 57 ± 61, 69 ± 90 from Apaf-1 CARD and 12 ± 14, 10 ± 28, 31 ± 39, 43 ± 47, 61 ± 82 from FADD DED (pdb accession 1a1w) were superimposed Figure 4 Mapping of mutagenesis data onto the structure of Apaf-1 CARD. Helices 1 ± 7 are in blue, the side chains of residues that decrease binding of Apaf-1 CARD to procaspase-9 CARD are red and those that have been mutated in this study and have no effect on binding are yellow (residues 1 ± 95 are shown) predicting the structure of one CARD based on the structure of another. In particular, the surface features of helices H1 and H6 are difficult to predict because of the low level of sequence conservation beyond helix H5 and the variable orientation of helices H1 and H6. The CARD of Apaf-1 was shown to represent a functionally relevant domain based on its ability to directly and specifically interact with the CARD of procaspase-9. The absence of any self-association of either Apaf-1 CARD or procaspase-9 CARD does not support a role for homooligomerization mediated by CARDs in caspase-9 activation. Only in the presence of cytochrome c and dATP do Apaf-1 and procaspase-9 interact in the cell, suggesting that the interface of Apaf-1 CARD required for procaspase-9 CARD binding is either in a different conformation in the absence of cytochrome c and dATP or that it is masked. The structural similarity of Apaf-1 CARD in the bound and free forms 19 coupled with the observation that deletion of the C-terminal WD-40 domain increases association of Apaf-1 and procaspase-9
12,23 suggests the C-terminus plays a role in masking the CARD binding surface in intact Apaf-1.
The surface in Apaf-1 CARD most likely to mediate interaction with procaspase-9 CARD, identified using alanine scanning mutagenesis, includes exposed residues (Tyr24, Asp27, Asp32, Asn73) in helices H2 and H5. This agrees very well with crystallographic data 19 but is in marked contrast to the model for Apaf-1/procaspase-9 CARD interactions proposed by Chou et al. 16 Based on the structure of RAIDD CARD, limited mutagenesis data and homology models of the CARDs from procaspase-2, Apaf-1 and procaspase-9, a general model for CARD/CARD interactions was put forward. The model proposed 16 that the basic patch formed by helices H3, H4 and the H4 ± H5 loop (residues 42, 58, 62 and 63) in Apaf-1 CARD would mediate interaction with procaspase-9 CARD. The mutagenesis experiments described do not support a role for these residues in mediating interaction of Apaf-1 CARD with procaspase-9 CARD.
In general the results described here agree well with those of Qin et al. 19 although several differences do exist. Firstly the crystallographic studies did not implicate helix H5 in mediating interaction of Apaf-1 CARD with procaspase-9 CARD although mutation of Asn73 was one of the most disruptive mutations in our investigation. While the side chain of Asn73 is solvent accessible and could conceivably participate in the interface it is also possible that mutation to alanine alters the orientation of helix H2 therefore disrupting binding. Conversely while the solution structure of Apaf-1 CARD is consistent with an interface role for Helix H3 no mutations reported here address this directly. Mutation of Tyr24, however, indicates that this residue has an important role in binding procaspase-9 CARD. Although not shown in the interface by Qin et al., 19 it seems likely that it would pack against Arg52 from the prodomain of caspase-9 thereby stabilizing complex formation. In the crystal structure of the complex 19 Ile30 is part of the interface, however, in the solution structure described here the side chain of Ile30 is largely buried and it would require reorientation to allow it to contribute to the interface.
Whether other CARDs use a similar surface to that identified in Apaf-1 CARD to mediate oligomerization remains uncertain, although several results are of interest. Mutagenesis of procaspase-2 identified Asp83 and Glu87 as possible interface residues. 6, 16 Based on sequence alignment, Asp83 and Glu87 of procaspase-2 would be equivalent to Val69 and Asn73 in Apaf-1. Val69 is partially buried in Apaf-1 CARD and may not make interfacial contacts, but Asn73 is solvent accessible and mutation to alanine significantly decreased procaspase-9 CARD binding in our studies. These data suggest that procaspase-2 and Apaf-1 CARDs may use the same interface to interact. The only surface mutation reported for RAIDD that disrupts procaspase-2 binding is G65R 6 ; Gly65 is part of a tight loop that connects helices H4 and H5 in RAIDD CARD. While Gly65 may be part of the interaction interface it is also possible that the fold has been disrupted by this mutation. Many of the other mutations that have been reported to perturb the function of CARDs have been made to buried residues that are likely to disrupt the fold, and are therefore not informative. 6 However, a point mutant in Nod1/CARD4, a recently identified Apaf-1 homologue that contains an Nterminal CARD and interacts with procaspase-9, is of interest. 24, 25 Mutant Nod1 containing a V41Q substitution did not enhance caspase-9-induced apoptosis. 25 Val41 in Nod1 is equivalent to Met26 in Apaf-1. While Met26 is buried in Apaf-1 CARD, and therefore a mutation here may disrupt the fold, it is also adjacent to Tyr24 and Asp27, residues identified in this study as mediating binding of procaspase-9 CARD. Combined with the conservation of the critical aspartic acid (equivalent to Asp27 in Apaf-1 CARD) these results suggest that Nod1 uses the same region to bind procaspase-9 CARD as Apaf-1 CARD.
Taken together these reports suggest that at least some CARDs may use the same interface as that identified in Apaf-1 CARD to bind other CARDs. Furthermore, several observations argue that some DEDs and CARDs use the same interaction interface. The DED of the adaptor FADD and the CARD of the adaptor molecule Apaf-1 are structurally very similar, and both interact with prodomains of caspases. The predicted interaction interface for the DED of FADD was based on a mutation 17 that is analogous to Asp27, one of the most disruptive mutations in Apaf-1 CARD. In FADD DED the proposed interface included several exposed hydrophobic residues on helices H2 and H5. This extended area coincides with the interface defined by mutagenesis in this study, although in the case of Apaf-1 CARD the residues are mostly charged.
Although it is likely that all CARDs, DDs and DEDs have similar folds and likely have similar interaction interfaces, they may not all interact in the same way. In the case of the interacting DDs from FADD and Fas it appears that the interaction is symmetric and involves residues on helices H2 and H3 from both molecules, 18 while Apaf-1 CARD uses residues on helices H2 and H3 to interact with those on H1 and H4 in procaspase-9 CARD. Whether all DDs interact using similar residues and whether the asymmetry of the CARD interaction extends to other interacting pairs of domains remains to be determined. Elucidation of the three-dimensional structures of additional molecules, in association with site directed mutagenesis, will be crucial in delineating the interactions that generate selectivity.
Materials and Methods
Preparation of Apaf-1 CARD NMR samples
The CARD from human Apaf-1 (residues 1-97) was expressed in Escherichia coli BL21 (DE3) as a glutathione-S-transferase (GST) fusion protein using pGEX:6P-3 (Pharmacia). Protein was purified by affinity chromatography on glutathione Sepharose (Pharmacia) then cleaved with PreScission protease (Pharmacia) while bound to the resin. After cleavage five additional N-terminal vector derived residues (GPLGS) remained. Soluble Apaf-1 CARD was further purified over a Superdex-75 column (Pharmacia). Purity was confirmed by SDS ± PAGE and electrospray mass spectrometry. Isotopically labelled proteins were isolated from cells grown on M9 medium containing 15 NMR spectroscopy and spectral assignments NMR spectra were acquired at 308C using Bruker DRX-600 and AMX-500 spectrometers equipped with triple-resonance pulsed-field gradient probes. Sequential resonance assignments were made using a series of triple resonance spectra acquired on either uniformly 15 N-or 13 20 and a 150 ms mixing time 13 C-edited NOESY-HSQC were acquired on 13 C, 15 N-labelled Apaf-1. The 13 C-edited NOESY-HSQC was of sufficient quality to allow the direct assignment of side chain 13 C resonances. 2D NOESY spectra with 150 and 75 ms mixing times were recorded on unlabelled protein. Exchange properties of the NH protons were monitored by dissolving lyophilized 15 N-Apaf-1 in 2 H 2 O and acquiring a series of 15 N-HSQC spectra over a period of 20 h. All NHs had exchanged after this period. Spectra were processed using XWIN-NMR (Bruker AG) and analyzed using XEASY. 26 
Structure calculation
Approximate inter-proton distances were derived from 2D-NOESY and 3D
13 C-and 15 N-edited NOESY spectra. Backbone f constraints were determined from 3 J HNHa coupling constants measured from a HNHA spectrum and side chain coupling constants, 3 J N'Hb determined from an HNHB spectrum. c Angles were restricted according to the value of the chemical shift of their Ca resonance. 27 Residues not restricted according to their 3 J HNHa coupling constant were restricted in their f angle according to Luginbu È hl et al., 27 or to negative f angles where the condition for a positive f angle was not met. 28 Hydrogen bond constraints were applied where there existed a slowly exchanging NH proton, a f angle restricted to the helical region and either a d ab (i, i+3) or a d aN (i, i+4) NOE present. 29 Structure calculations were performed using DYANA 30 and a similar protocol to that described previously. 29 Once the final set of restraints had been obtained a new family of structures was generated using X-PLOR (3.851) 31 and refined using dynamic simulated annealing. The 50 lowest penalty function structures were selected from a calculation of 250 and minimized in a box of water. 32 Structural analysis was performed on the 20 structures with the lowest stereochemical energies and PROCHECK_NMR 33 was used for assessment of their stereochemical quality. Structural figures were created using MOLMOL. 34 Coordinates have been submitted to the Protein Data Bank (accession no. 1CWW).
Mutagenesis of Apaf-1 CARD and expression of procaspase-9 CARD Human caspase-9 CARD (residues 1 ± 99) was expressed and purified as described for Apaf-1 CARD. A PCR based strategy was used to generate Apaf-1 CARD cDNA mutants. 35 Double mutants were generated by performing a second round of mutagenesis using template containing one mutation. All constructs were verified by DNA sequencing. Each mutant was expressed as described for the wildtype protein except the GST fusion protein was not cleaved. Instead, all mutant GST fused proteins were immobilized on glutathione Sepharose then the resin was washed extensively and the amount of bound fusion protein estimated by SDS ± PAGE. For binding experiments equivalent amounts of bound fusion protein (wt GST/ Apaf-1 CARD and GST/Apaf-1 CARD mutants) were aliquoted and a standard amount of cleaved soluble caspase-9 CARD was added. Volumes were made up to 25 ml with 16PBS (11.8 mM phosphate buffer pH 7.3, 2.7 mM KCl, 140 mM NaCl, 1 mM DTT) and mixed at room temperature for 30 min. The resin was pelleted, supernatant removed, washed twice with 200 ml of 16PBS containing 0.02% Tween-20 and SDS ± PAGE loading buffer was added before samples were analyzed by SDS ± PAGE.
